The basic tenets of germ cell development are conserved among metazoans. Following lineage commitment in the embryo, germ cells proliferate, transition into meiosis, and then differentiate into gametes capable of fertilization. In lower organisms such as Drosophila and C. elegans, germline stem cells make the decision to proliferate or enter meiosis based in large part on the regulated expression of genes by translational control. This study undertakes a direct characterization of mRNAs that experience translational control and their involvement in similar decisions in the mammalian testis. We previously showed that translation of mRNA encoding the germ cellspecific gene Rhox13 was suppressed in the fetal and neonatal testis. By investigating changes in message utilization during neonatal testis development, we found that a large number of mRNAs encoding both housekeeping and germ cell-specific proteins experience enhanced translational efficiency, rather than increase in abundance, in the testis as quiescent gonocytes transition to mitotic spermatogonia. Our results indicate that translational control is a significant regulator of the germ cell proteome during neonatal testis development.
INTRODUCTION
The sequence of gene regulatory events that drive fetal and neonatal germ cell development in the mammalian testis remains somewhat of a mystery. Primordial germ cells become gonocytes (also called prospermatogonia) after sex determination, proliferate briefly, and then become arrested in G0/G1 from 12.5 to 14.5 days postcoitum until after birth [1, 2] . By 2-3 days postpartum (dpp), gonocytes resume mitotic divisions and migrate to the periphery of the testis cords as they transition to spermatogonia [3] . These spermatogonia then divide asynchronously, either remaining as stem cell spermatogonia (type A s ) or dividing (A pr , A al ) to differentiate (A 1-4 ) into type B spermatogonia that will become preleptotene spermatocytes by 10 dpp to enter meiosis [4] . Currently, little is known about the signaling pathways and gene expression changes responsible for the developmental transition from quiescent gonocytes to proliferating spermatogonia. Microarray studies revealed that ;50 genes were upregulated !2-fold in the testis from 0 to 3 dpp [5] . The relatively constant mRNA pool in these rapidly changing cells suggests that changes in transcription do not play a major role in this transition.
Once in the cytoplasm, mRNAs become translated, stored, or degraded. The decision among these fates provides the cell with an important level of posttranscriptional control over gene expression that allows for rapid and large-scale responses to stimuli during periods of change such as proliferation or differentiation. In response to differentiation cues, mRNAs readily switch fates and become mobilized from stored messenger ribonucleoprotein particles (mRNPs) into a translated state depending on the needs of the cell [6, 7] . Changes in global translation are typically mediated through phosphorylation-mediated availability of initiation factor EIF2A, which mediates all protein synthesis initiation events equally [8] . Greater availability of EIF4E, the mRNA cap-binding protein, preferentially stimulates ''cap-dependent'' initiation events that recruit mRNAs with long, complex 5 0 untranslated regions (UTRs). In the case of EIF4E regulation, the repressor binding protein EIF4EBP1 binds to EIF4E and prevents its association with the scaffolding protein EIF4G. Phosphorylation of EIF4EBP1 releases EIF4E, which binds to EIF4G and recruits the 43S ribosomal complex to mRNA during cap-dependent translation, generally in response to mitogenic stimuli [9] . EIF2A phosphorylation results in an overall decrease in protein synthetic activity due to a paucity of tRNA-Met delivery. Under these restrictive conditions, however, certain mRNAs experience increased relative translation by enhancing ribosome-scanning activity through 5 0 UTRs that contain upstream open reading frames (uORFs) in order to reach the authentic initiation codon. Hence, the inverse regulation of EIF2A and EIF4E by separate phosphorylation events provides broad regulation of translational control at both a global and mRNAspecific level.
One further mode of translational control resides in the mRNPs themselves. A program of translational repression of mRNAs by UTR binding proteins is prevalent in many meiotic cell types [10] . The role of mRNA repression in meiotic and postmeiotic spermatogenic cells in adult mice has been studied for many years [11] [12] [13] [14] . However, several independent lines of evidence implicate translational control in fetal and neonatal male germ cell development. First, a number of essential RNA binding proteins (RBPs) have been identified (NANOS2, NANOS3, DAZL, TIAR/TIAL1, PIWIL2/MILI, PIWIL4/ MIWI2, and DDX4/VASA), with roles in either repression or activation of mRNA translation during germ cell development and differentiation [15] [16] [17] [18] [19] . Loss of these translational control events has dire consequences for germ cell progression. Similar RBPs have been shown to control C. elegans germline stem cell proliferation, including NOS-3, FOG-1, FOG-3, ATX-2, EGO-1, PRG-1, PRG-2, and multiple members of the FBF, MOG, and GLD families [20] . Specific derepression of mRNA targets for such RBPs at later stages of germ cell development occurs in response to unique translation-initiation-factor isoforms and mRNA polyadenylation [20] [21] [22] [23] . Second, fetal and neonatal mouse gonocytes contain numerous electrondense perinuclear ''nuage,'' functionally similar to germ cell granules in Drosophila, Xenopus, and C. elegans, which contain both RNA and protein components. These are present in germ cells of at least 80 different species [24, 25] . These large mRNPs are involved in mRNA metabolism, including genomic defense against transposable elements, which are demethylated and transcribed in gonocytes [26] [27] [28] . Third, we previously found that mRNAs from the X-linked reproductive homeobox gene 13 (Rhox13) remain translationally repressed in the fetal and neonatal testis through an interaction with the essential RNA binding protein NANOS2, but that this repression was relieved by 3-4 dpp [29] . Each of these evidences implicates translational control as a means to regulate germ cell gene expression. Together they suggest that translational control regulates molecular events that promote gonocyte differentiation in fetal testes.
In this study, we examine translational control as a regulator of gene expression during the gonocyte-to-spermatogonia transition in mouse neonatal testis. We identify a number of mRNAs encoding both germ cell-specific and housekeeping mRNAs that become more efficiently translated when recruited into polyribosomes (polysomes) from 1 to 4 dpp. These changes accompany increased phosphorylation of EIF4EBP1 and a decreased phosphorylation of EIF2A, which are hallmarks of stimulated cap-dependent translation. The increase in EIF4EBP1 phosphorylation is most evident in germ cells. Our results suggest that the neonatal germ cell proteome is determined in large part by changes in mRNA translation efficiency. We identify a number of mRNAs encoding both germ cell-specific and housekeeping genes that become more efficiently translated by recruitment to polysomes during neonatal testis development.
MATERIALS AND METHODS

Animal Care
All animal procedures were performed in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and Use Committee of East Carolina University (AUPs A178, A181). CD-1 mice (Charles River Laboratories) were used for all analyses. Euthanasia was performed by decapitation, and testes were snap frozen in liquid nitrogen and stored at À808C.
Preparation of Cytoplasmic Lysates
Testes were harvested and washed with 13 ice-cold PBS containing cycloheximide (100 lg/ml) to freeze polysomes, immediately snap frozen in liquid nitrogen, and stored at À808C. Testes were pulverized under liquid nitrogen and lysed in 1 ml polysome lysis buffer (100 mM KCl, 5 mM MgCl 2 , 10 mM HEPES [pH 7.4], 0.5% NP-40 [Sigma] , and 100 lg/ml cycloheximide). Lysates were homogenized by passing the sample five times through a 25-gauge needle, and nuclei were then pelleted by centrifugation at 16 000 3 g for 5 min at 48C. Supernatants were transferred to clean 1.5-ml tubes and stored on ice. A minimum of 28, 22, 20, and 10 testes were used from mice euthanized at 1, 3, 4, and 8 dpp, respectively.
Polysome Gradient Analysis
Separation of polysomes, ribosomal subunits, and initiation complexes was accomplished by sucrose gradient sedimentation. Cytoplasmic extracts (2.5-3.0 mg of protein, measured with BCA Protein Assay; Pierce) were layered onto a 15%-45% linear sucrose density gradient in polysome gradient buffer (100 mM KCl, 5 mM MgCl 2 , and 10 mM HEPES [pH 7.4]) and then centrifuged at 210 000 3 g at 48C for 2 h without braking. Gradients were then fractionated using an ISCO gradient-fractionation system equipped with a UA-6 detector (ISCO). RNP fractions, 40S, 60S, 80S, light polysomes, and heavy polysomes were monitored by continuous ultraviolet absorption profiles at 254 nm. Fourteen successive 750-ll fractions were collected and stored at À808C. Total RNA was isolated from each polysome fraction by TRIzol extraction (Invitrogen) using the manufacturer's instructions. Polysome gradients using testis lysates from 1, 3, 4, and 8 dpp mice were done in triplicate.
Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) analyses were performed with RNA isolated from the polysome fractions. RNA (100 ng) was subjected to reverse transcription and qPCR in the same reaction tube using iScript One-Step RT-PCR kit with SYBR green (BioRad). Amplification and detection of specific gene products were performed using the iCycler IQ real-time PCR detection system (BioRad). Threshold temperatures were selected automatically, and all amplifications were followed by melt-curve analysis. The sequences of the specific primers are provided in Table 1 .
The following comparative quantitation equation was used to calculate relative mRNA levels per fraction: mRNA level ¼ 
Immunoblotting
Immunoblotting of polysome fractions was carried out by conventional methods. Ten microliters of each fraction was added directly to a modified sample buffer (final concentration of 50 mM dithiothreitol, 2% SDS, and 10% glycerol). Primary antibodies used were against DDX6 (1:1000; 14632-1-AP; ProteinTech), RPS6 (1:2000; 2217S; Cell Signaling Technology), RHOX13 (1:1,000) [30] , phospho-EIF4EBP1 (1:3000; 2855; Cell Signaling Technology), EIF4EBP1 (1:1000; 9452; Cell Signaling Technology), and phospho-EIF2A (1:1000; 9721; Cell Signaling Technology) and were incubated overnight at 48C. Secondary anti-rabbit-horseradish peroxidase (1:3000; 7074S; Cell Signaling Technology) was incubated for 1 h at room temperature. Blots were developed using LumiGlo detection reagent (Cell Signaling Technology).
Immunohistochemistry and Indirect Immunofluorescence
Immunohistochemistry (IHC) was performed as described previously [29] . Experiments were repeated at least thrice, and at least two gonads were analyzed from different mice. Cell types were identified based on characteristic morphological differences, and germ cell identities were verified in testis sections stained for either POU5F1 (0 and 3 dpp) or RHOX13 (4 and 8 dpp). Anti-POU5F1 (1:500; SC-8629; Santa Cruz Biotechnology, Inc.) and anti-RHOX13 (1:500) [30] were applied for 1 h at room temperature without antigen retrieval. Primary antibody was omitted as a negative control. Detection was performed using a Vectastain ABC kit (Vector Laboratories).
Immunofluorescence (IIF) was performed using standard methods. Briefly, 8 lm of 4% paraformaldehyde-fixed and compound-embedded frozen sections were blocked for 30 min at room temperature, incubated in primary antibody (1:500) overnight at 48C, and incubated in secondary antibody (1:1000; Alexa Fluor-488 donkey anti-rabbit IgG; Invitrogen) plus phalloidin-594 (1:1000; Invitrogen) for 1 h at room temperature. Blocking and antibody incubations were done in 13 PBS containing 3% bovine serum albumin þ 0.1% Triton X-100, and stringency washes were done with 13 PBS þ 0.1% Triton X-100. Primary antibody was omitted as a negative control. Coverslips were mounted with Vectastain containing DAPI (4 0 ,6-diamidino-2-phenylindole; Vector Laboratories), and images were obtained using a Fluoview FV1000 confocal laser scanning microscope (Olympus America).
Translation State Array Analysis
Extracts of testes from 1 dpp and 4 dpp CD-1 mice were fractionated over a 15%-45% sucrose gradient in triplicate as described above. The position of the 80S peak defined the boundary between translating and nontranslating mRNAs. Pooled nonpolysomal (nontranslating, fractions 1-3) and heavy polysomal (efficiently translating, fractions 7-13) RNAs were isolated from sucrose gradient fractions by TRIzol extraction (Invitrogen) as per the manufacturer's suggested protocol, with a few modifications. Following the initial phase CHAPPELL ET AL. separation, the aqueous layer was transferred to a clean microfuge tube, and 200 ll of chloroform was added and mixed. Samples were centrifuged at 12 000 3 g for 10 min at 48C, and the aqueous layers were transferred to a clean microfuge tube. This chloroform wash was repeated twice, and the TRIzol extraction was then resumed. RNA was recovered by ethanol precipitation. Biotin-labeled amplified antisense RNA was synthesized from 5 lg of RNA by the standard Affymetrix 3 0 IVT procedure and hybridized to the Affymetrix 430 2.0 mouse expression array (Affymetrix) at the core facility at the University of North Carolina, Neuroscience Research Center, Chapel Hill, NC. Microarray raw data were normalized using the robust multichip average method. The raw intensity values were background adjusted, log2 transformed, and then quantile normalized [31] . The data are summarized as signal intensities for each probe set on each array. Increased RNA polysome distribution between 1 dpp and 4 dpp mouse testes was determined by first averaging the triplicate array values for each probe set. Then, the resultant mean signal intensities were analyzed to determine fold change of 4 dpp heavy polysomal-1 dpp heavy polysomal RNA. Genes with mRNA signal intensity differences of !2 were analyzed by Ingenuity Pathway Analysis (Ingenuity Systems).
Statistics
Statistical analyses of the qRT-PCR results were performed using the Student t-test, and the level of significance was set at P , 0.01.
RESULTS
Polysome Gradient Analysis Reveals Translational Activation During Neonatal Testis Development
We previously discovered that mRNAs for the germ cellspecific Rhox13 gene were present in the fetal and neonatal testis without readily detectable protein [29] . There are several possibilities that might account for the suppressed translation of Rhox13 mRNAs in the neonatal testis until 3-4 dpp: 1) sequestration in RNP particles, which would preclude association with ribosomes; 2) association with very few ribosomes, indicating inefficient translation; and 3) efficient production of RHOX13 protein that is then rapidly degraded. To distinguish between these possibilities, we assessed the translational efficiency of specific mRNAs during neonatal testis development by direct assay on polysome gradients. Testis lysates from 1, 3, 4, and 8 dpp mice were resolved on sucrose gradients, fractionated, and protein and RNA extracted (n ¼ 3 different gradients). These lysates were prepared from the testis at developmental times when Rhox13 mRNAs are present but RHOX13 protein 1) is not readily detectable (1 dpp), 2) is detectable in a subset of germ cells (3-4 dpp), and 3) is present in a majority of germ cells (8 dpp) [29] . To confirm resolution of the nontranslating from ribosome-containing fractions, immunoblotting for DDX6, an RNA helicase present in RNPs, and RPS6, a 40S ribosomal protein, was conducted across all fractions. As expected, DDX6 was present in ribosome-free fractions 1 and 2 [32] , while RPS6 was concentrated in fractions 3-7 that contain ribosomal subunits, and was less abundant in the polysome fractions 8-13 (Fig. 1) .
The distribution of individual mRNAs across the polysome gradient provides a direct measure of their absolute translation efficiency. We quantified specific mRNAs in each gradient fraction encoding housekeeping genes (Pgk1 and Actb), wellcharacterized representative germ cell-specific genes (Pou5f1/ Oct4 and Stra8), and Rhox13, and compared the distribution for each gene's mRNA separately. The majority of Pgk1 and Actb mRNAs were present in the medium-density or lightpolysome fractions in testes from 1 dpp mice, respectively, but were noticeably redistributed to heavy polysomes in 3, 4, and 8 dpp testes (Fig. 2) , indicating enhanced efficiency of translation of these housekeeping mRNAs. Pou5f1 encodes a transcription factor expressed in gonocytes and undifferentiated spermatogonia [33] . Approximately 80% of its mRNA was associated with light polysomes at all stages examined, indicating consistently low translational efficiency. Stra8 is first transcribed in response to retinoic acid in the neonatal testis [34] [35] [36] . Its mRNA was nearly undetectable at 1 and 3 dpp, but in 4 and 8 dpp testes, the majority of its newly expressed mRNA was associated with heavy polysomes, indicating efficient translation. Nearly 60% of Rhox13 mRNA was found to translate inefficiently on very light polysomes (monosomes) at 1 dpp. By 3 dpp, however, the majority of Rhox13 mRNA was concentrated in light and medium polysomes (52% and 30% relative mRNA levels, respectively, with peaks over fractions 7 and 9). By 4 and then 8 dpp, the majority of Rhox13 messages shifted into heavy polysomes, indicting very efficient translation. This approximately 3-fold redistribution of Rhox13 mRNAs into the heavy polysomal fraction from 1 to 4 dpp corresponds precisely with detection of de novo RHOX13 protein in the neonatal testis at 3-4 dpp [29] . Similar mRNA recruitments from light to heavy polysomes after 1 dpp were observed for Gata2 and Taf7l mRNAs (data not shown), which are also repressed in association with NANOS2 in the fetal testis [37] . 
Assessment of Total mRNA Levels for Representative Genes in the Neonatal Testis
Several of the mRNAs (Pgk1, Actb, and Rhox13) became progressively more efficiently translated over the interval from 1 to 4 dpp. To determine whether this increased polysome occupancy might arise from substantial de novo increase in gene transcription and immediate recruitment, we quantified each mRNA in total RNA from 1, 3, 4, and 8 dpp testes. Pgk1, Actb, and Pou5f1 mRNA levels did not change appreciably over the time course, although there was slightly more Pou5f1 mRNA present at 4 dpp (Fig. 3, A-C) . By contrast, Stra8 mRNA was nearly undetectable until 4 dpp, but was strongly expressed by 8 dpp (Fig. 3D) , as has been shown by others [29, 36] . Increases in Rhox13 mRNA levels were not statistically significant (P ¼ 0.02) until 8 dpp, when Stra8 mRNA levels rose nearly 15-fold (P ¼ 0.0001; Fig. 3E ).
Assessment of Germ Cell Population from 1 to 4 dpp
Having established that Rhox13 mRNA becomes translationally activated while Stra8 mRNA is newly transcribed early on (1 to 4 dpp), we followed the fate of these developmental mRNAs into later spermatogonial development. Both Rhox13 and Stra8 mRNA levels increased substantially from 4 to 8 dpp. The increase might result from either increased transcription or expansion of the spermatogonial population, which would increase the germ cell-somatic cell ratio in the juvenile FIG. 1. Absorbance (A 254 ) profiles for linear sucrose gradient fractionation of 1, 4, and 8 dpp mouse testis lysates. The monosome (80S) is the highest resolved peak, and each peak to the right represents the addition of one ribosome to mRNAs (polysomes). Immunoblots below each profile were performed using antibodies against DDX6 and RPS6, with total protein isolated from the corresponding fraction noted above each lane (1-13).
FIG. 2.
Quantitative RT-PCR analysis of translational status of mRNAs during neonatal testis development. RNA was isolated from sucrose gradient fractions from 1, 3, 4, and 8 dpp mouse testis lysates (ages indicated to the left), and Pgk1, Pou5f1, Stra8, Rhox13, and Actb mRNA levels were measured by qRT-PCR. Each graph is partitioned into three translationally distinct parts (from left to right): RNPs (not translated) and light (inefficiently translated) and heavy (efficiently translated) polysome fractions, based on the corresponding absorbance profiles (see Fig. 1 ). N/A indicates that Stra8 mRNA was not detectable from these gradient fractions. Error bars represent standard deviation.
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testis. The ratios of germ cells to Sertoli cells in stages from 6 dpp through adulthood were estimated many years ago [38] . We manually counted the number of germ cells and Sertoli cells within 40 randomly selected testis cords from mice at age 0 and 3 dpp (Fig. 4, A and B, germ cells stained for POU5F1) as well as 4 and 8 dpp (Fig. 4 , C and D, germ cells stained for RHOX13). Sertoli cells were identified based on their distinct morphology (small ovoid nuclei, punctate heterochromatin) along with their consistent darker staining by hematoxylin in Bouin-fixed sections. The percentage of germ cells in the testis cords increased from 9% to 42% between birth and 8 dpp, and the percentage of Sertoli cells decreased accordingly (Fig. 4E) . Expansion of the germ cell population between 4 and 8 dpp reflects a burst in their mitotic activity and accumulation of spermatogonia [4] . Thus, expansion of the germ cell population, rather than substantially enhanced transcriptional activity per cell, would explain the increase in mRNA levels for Rhox13 and Stra8 that we observed during this interval (Fig. 3,  D 
and E).
Translational Recruitment of Large mRNA Populations
It was evident from the proportion of ribosomes in actively translating complexes that general protein synthetic activity was also increasing over the 8-day period of neonatal testis development. Overlaying the polysome profiles from 1, 4, and 8 dpp testes (from Fig. 1 ) revealed a decrease in absorbance in fractions 2-5, which represent 40S, 60S, and 80S ribosome subunits, and a significant increase in absorbance in fractions 6-12, which represent 3-9 ribosomes on mRNAs (polysomes) in 4 and 8 dpp testes (Fig. 5A ). This indicates a progressive overall increase in efficient recruitment of the mRNA population to polysomes from 1 dpp to 4 and 8 dpp.
To assess whether progressive upregulation of translation is more widespread during this period, we took a genome-wide approach to assess changes in translation efficiency (translation state array analysis [TSAA]) of the mouse testis transcriptome. Sucrose gradients were used to separate mRNAs from 1 and 4 dpp testes into nontranslated (RNPs) and efficiently translated (heavy polysomes) pools, which were then subjected to microarray analysis. By comparative polysomal microarray 
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analysis, we found that mRNAs encoding 3134 genes became enhanced !2-fold within heavy polysomes from 1 to 4 dpp ( Fig. 5C and Supplemental Table S1 ; all supplemental data are available online at www.biolreprod.org). This data has been deposited in the NCBI GEO database (GSE49283; http://www. ncbi.nlm.nih.gov/geo/). This indicates ;7.5% of mRNAs present in the testis at these stages are undergoing dynamic translational control through recruitment or activation that exceeds general increases in protein synthesis activity. We employed Ingenuity Pathway Analysis software to identify cellular signaling pathways and networks where the products of these 3134 genes are predicted to function. Top categories include: cell cycle (e.g., Gspt1, Ccnb1, Cdc42), cellular movement and morphology (e.g., Tuba3b, Actb), and mitochondria function (e.g., Cisd1, Ndufc2, Cycs, Atp5g3). In addition, a number of germ cell mRNAs undergo translational control (Tex11, Dazl, Ddx4, Rbmy, and Asz1).
To validate the results of the TSAA, we used qRT-PCR to measure the abundance and polysome occupancy (indicating efficient translation) of a panel of mRNAs from genes with predicted housekeeping, germ cell-specific, or tissue-specific functions. As shown in the table in Fig. 5C , there were substantial increases (3-to 13-fold) in polysome occupancy from 1 to 4 dpp for mRNAs from genes with housekeeping (Gapdh, Actb, and Palld), cell cycle regulatory (Ccnb1 and Cdc42), and germ cell-specific (Ddx4, Tex11, Asz1, and Rhox13) functions. In each case, the fold recruitment to ribosomes was substantially greater than the increase in abundance for each message over the interval. By contrast, there was little change in translation of Ptgds and Kdm6b mRNA, which show predominant tissue-restricted expression outside of the postnatal testis [39, 40] .
Translation Efficiency Changes Are Accompanied by Phosphorylation of EIF4EBP1 and RPS6KB1
More efficient use of ribosomes from 1 to 8 dpp is indicative of enhanced translation initiation activity through steps catalyzed by initiation factors EIF2A and EIF4. Coincidentally, specific translational control is also generally exerted at the initiation step [8] . Three modes can be envisioned whereby specific mRNAs would become more efficiently translated in the neonatal testis: release from compartmentalization, increased cap-dependent translation (role of EIF4), and/or enhanced scanning to identify the bona fide AUG (role of EIF2A). Our results revealed that specific mRNAs that became recruited to heavy polysomes from 1 to 4 dpp were not particularly abundant in the ribosome-free mRNP fractions of our polysome gradients ( Fig. 2 and TSAA results), but rather were simply translating poorly. Therefore, release of mRNAs from compartmentalization does not appear to be a predominant mechanism regulating their translation. We next assessed the phosphorylation state of EIF4EBP1 and EIF2A. Increased phosphorylation of 4EBP1 would suggest that an increase in cap-dependent initiation was responsible for increased translation in the 4 dpp testis, whereas decreased EIF2A phosphorylation might suggest that ribosome scanning was responsible. By densitometry, we detected an ;20% increase in phosphorylated EIF4EBP1 without a change in total EIF4EBP1 protein in testis lysates over this interval, while phosphorylation of EIF2A was reduced by ;30% (Fig. 6A) . We next used IIF to assess changes in EIF4EBP1 phosphorylation in situ in the germ cell and somatic cell population. The signal representing phospho-EIF4EBP1 was enhanced in cytoplasm of spermatogonia at 4 dpp, but did not appear to change in somatic Sertoli or Leydig cells (Fig. 6, B and C) . Taken together, our data suggest increased cap-dependent translation initiation, along with some enhanced mRNA scanning, is mediating the mRNA translational control we observe in male germ cells in the neonatal testis as they transition from gonocytes to spermatogonia.
DISCUSSION
Mouse germ cells undergo a dramatic transition from quiescent gonocytes to proliferating spermatogonia in the first few days after birth. A first and important step toward understanding the pathways and cellular changes involved in this transition was to define changes in the transcriptome of the neonatal testis. Surprisingly, however, very few genes were identified for which mRNA levels changed significantly over this interval [5] . Furthermore, the interpretation of transcriptome microarray results relies on the assumption that all mRNAs are translated with equivalent efficiency. This is not the case, as highlighted by a recent study revealing that mRNA translational efficiency is a more accurate predictor of the proteome than mRNA levels [41] . In this study, we found that more than 3000 mRNAs encoding both germ cell-specific (e.g., Asz1, Ddx4, Gata2, Rhox13, Taf7l, Tex11) and housekeeping (e.g., Actb, Ccnb1, Cdc42, Gapdh, Palld) proteins underwent dramatic changes in translational efficiency from 1 to 4 dpp. In addition, our results provide an important advance in understanding how the newly expressed proteome is determined during neonatal testis development.
Translation is the most energy-consumptive process in nearly all cell types, particularly those undergoing proliferation or differentiation [42] . Predictably, translational control occurs most commonly during the initiation step, which saves energy, avoids the accumulation of incompletely synthesized proteins, and preserves the limited supply of active ribosomes. Three modes can be envisioned whereby mRNAs become more efficiently translated in the neonatal testis, and these are not mutually exclusive. In the first, compartmentalization of inactive mRNAs (repression) would prevent an interaction with translation initiation factors or ribosomes. This scenario appears to affect a small proportion of mRNAs, which were detected in fractions containing the nonpolysomal mRNPs, for each gene we analyzed (Fig. 2 and TSAA results) . In the second mode, which is mediated by EIF2A, enhanced scanning of 5 0 UTRs that results in a high translation initiation rate at upstream initiation codons would prevent active initiation complexes from reaching the authentic AUG codon for the subset of mRNAs containing uORFs. Phosphorylation of EIF2A reduces the availability of active ternary complex (eIF2-tRNAi-GTP), which allows ribosomes to scan farther down such mRNAs to reach authentic AUGs, thus increasing mRNA partitioning into heavy polysomes. We detected a decrease in EIF2A phosphorylation from 1 to 4 dpp, which suggests overall enhanced initiation activity, but likewise indicates a diminishment of this mode of regulation as a significant contributor to translational control in the neonatal testis. In the third mode, mRNAs are recruited to ribosomes through EIF4E, which can be repressed through an interaction with EIF4EBP1 [43, 44] . Greater EIF4E activity is most commonly due to phosphorylation EIF4EBP1, which releases EIF4E, allowing it to associate with eIF4G and the ribosome, FIG. 5 . Changes in mRNA and ribosome utilization during neonatal testis development. A) Overlay of polysome gradient profiles from 1, 4, and 8 dpp testis lysates. Blue line, 1 dpp; red line, 4 dpp; green line, 8 dpp polysome profile. B) Quantitative RT-PCR was used to assess mRNA levels for the genes indicated. The data is represented as a ratio of message abundance from total RNA (Total) or RNA isolated from heavy polysome fractions (Polysome) from testes of 4 dpp/1 dpp mice and from RA/dimethyl sulfoxide-injected mice. C) A representation of the results from TSAA and previous microarray results [5] depicting relative numbers of testicular mRNAs that increased !2-fold in abundance, became enriched !2-fold in heavy polysomes, or were unchanged from 1 to 4 dpp.
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and results in enhanced cap-dependent translation initiation activity that often accompanies developmental progression [10] . Sequences in regulated mRNAs can reduce translation efficiency, including complex 5 0 UTR secondary structures and the presence of binding sites for repressor proteins, most commonly found in the 3 0 UTR [45] . Future analyses will identify common features among this set of ;3000 mRNAs that become more able to effectively compete for ribosome binding during neonatal testis development.
Examples of global increases in translation efficiency have been documented during cellular transitions in other systems, including the epithelial-to-mesenchymal transition [46] , T-cell activation [47] , and oocyte maturation [48, 49] . A particularly relevant example is found in mouse embryonic stem cells (ESCs). Mouse ESCs share the expression of many genes with primordial germ cells and gonocytes and can be induced to form male gametes in vitro [50] [51] [52] . During the differentiation of mouse ESCs into embryoid bodies, there is a global increase in translation initiation accompanied by increased phosphorylation of EIF4EBP1 and decreased phosphorylation of EIF2A [53] . In addition, the cytoplasmic-nuclear ratio of the cells increases, along with the appearance of prominent Golgi bodies and rough endoplasmic reticulum [53] . These features are suggestive of increased biosynthetic activity of differentiating cells. It is worth noting that these same changes have been documented in gonocytes as they transition to spermatogonia in the neonatal testis [54, 55] .
Our results suggest that enhanced cap-dependent translation is occurring primarily, if not exclusively, in germ cells. Coincidentally, a significant number of the mRNAs that are recruited to heavy polysomes from 1 to 4 dpp are germ cellspecific ( Fig. 5B and Supplemental Table S1 ). Also, germ cells undergo significant changes as they differentiate during this interval, in contrast to the somatic cell population, which merely expands modestly in number. It is noteworthy that a large number of mRNAs that became more efficiently translated are involved in processes linked to gonocyte changes such as cell division, cell movement, and cell morphology.
We detected an apparent decrease in free ribosomes during neonatal testis development, which implies that their numbers are not rate limiting for the protein synthetic activity necessary to drive the gonocyte-differentiation program. This suggests FIG. 6 . Increases in phosphorylation of EIF4EBP1 accompany the gonocyte-to-spermatogonia transition in the neonatal testis. A) Immunoblots were performed with total protein isolated from 1 and 4 dpp testes using antibodies against the indicated phosphorylated (P-) and total proteins indicated to the right. B, C) IIF was performed to detect phospho-EIF4EBP1 (green signal) in testis sections from 1 dpp (B) and 4 dpp (C) mice. No primary antibody was omitted from the negative control (inset in B). Yellow arrows indicate spermatogonia with increased cytoplasmic signal for phosphorylated EIF4EBP1. Factin is labeled by phalloidin, in red. D, E) DNA staining (DAPI) from the corresponding color images (B and C, above) was converted to black and white for ease of identification of germ cell nuclei (yellow arrows). Bar ¼ 50 lm.
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that ribosomes (and the corresponding initiation factors) may be awaiting a differentiation signal to direct mRNA recruitment. These studies highlight the importance of integrating changes in mRNA utilization and translational control mechanisms with existing transcriptome data in order to predict the utilitarian proteome. An understanding of translational control will also further our pursuit of novel gene products involved in developmental processes such as spermatogenesis.
